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1,0 Introduction 


Tlds final report summarizes the activities conducted under NASA 
CONTRACT NAS 9-13940 during the time period October 1, 1978 to 
September 30, 1979. 

During this period we designed, constructed, and delivered to 
NASA/ JSC an adaptive delta modulator which encode composite color 
video signals. The ADM was shown to provide a good response when 
operating at 16 Mb/s and near-commercial quality at 23Mb/s. In addition, 
the,.ADM was relatively immune to channel errors. 

The system design is discussed here and circuit diagrams are included. 




2.0 A Real Time Delta Modulator with Krror Correction 

Of the three error correction algorithms investigated the leaky integrator 
error correction technique gave the best results and Is also tlie easiest to 
implement. 

We designed n real time delta modulator using a leaky Integrator for 

error correction. A block diagram is shown In Fig. 2.1. The leak iaotor 

tv was chosen to be . 968. If the estimate before tlie leak is called X. and if 

it) ^ 

the estimate after the leak k ^ ' f^ben the equation defiiiing the leaky integrator 
is given by: 




= . 968X, + 2 


k 


ii) 


32 


( 2 . 1 ) 


Since Xj^ assumes values between stero atidl 127, the addition of the value 
of 2 to Equation 2. 1 causes X^, to lerilc symmetrically about tim midvalue 63. 

As tm example consider that when Xj^ equals zero, Xj^'"^ will leal« up to the 
vsilue +2; when Xj^ equals 127, will lealv down 2, to the value +125; and 
when Xj^ assumes the midvalue 63, X^_ will remain unchanged. The addition 
of the number 2 minimizes the distortion caused by loaJclng Xj^ while having no 
effect on the lealdiig away of errors. 

The Implemontation of tlie lealcy Integrator is shown in Fig. 2. 2. Tl>e 
subtraction of Xj_/32 from Is carried out in Fig. 2. 2 by sMfting X^ five 
places and subtracting It from Xj^. Tlie addition of +2 bi Equation 2. 1 is 
cai’ried out by the same subtractor by using the inverted value of the most 
significant bit of Xj^ us the six most significant bits of ^^/32. Also notice that 
the 6 least slgtilflcant bits leak before tlie storage register and tlie 4 most signifi- 
cant bits leak after tlie storsige register. In order to split up the leaky Integrattu* 



this way It Is necessary to store the carry out (C J from the aubtractor that 
leaks the 6 least significant bits so that It will appear at the carry lu (of the 
subtracter that leaks the 4 most significant bits) at the same tlrne that the 
estimate appears at the subtracter's Inputs. 

The loaI»y integrator was split up tills way (half th^. leak on and 
half on X, ) to minimize thv^ effect of the carry propagation delay through the 
substractor on the san^ling rate of the delta modulator. Before any storage 
register's can be clocked, the signal must be present and (see Fig, 2. 2) 
the compai’ator's output must have settled down. With only 6 bits to propagate 
tlirough, the signal will appear before the comparator's output settles down 
therefore, the subtracter to the left of the storage register Is not part of the 
maximum delay time path of the delta modulator and will not affect the sampling 
rate of the delta modulator. If the subtracter to the right of the storage register 
(in Fig. 2. 2) la to lie part of the iriaxlmuin delay time path, the propagation delay 
of the subtracter would have to be greater than that of the step size generator. 

Thl'^ is not the case; hence, the lealcy IntegTator split up as in Pig. 2.2 will not 
affect the sampling rate of the delta modulator. If the leaky integrator was placed 
entirely to the left or right of the storage register then the carry propagation delay 
would be sufficient to reduce the maximum sampling rate of the delta modulator. 

Because the leaky integrator has only 10 bits, and not 12, the effects of a 

channel error may not leaJc away completely. Under worst case conditions the 

estimate at the delta modulator decoder could remain 3 quantization levels greater 

than, or less than, the estimate at the encoder. To remove the last vestige of 

cliannel errors the estimate at the enoodor and decoder are both forced to their 

minimum value of zero at the end of each scanning line. Also, the stop size is 

forced to its maximum value of 15 and E, , is forced to -1 in both the encoder 

k- 1 

and decoder at the end of each scanning line. This ensures that the encoder and 
decoder begin each scanning line in the same state, free of any remaining channel 
errors. 

The conditions described above are forced upon the delta modulator in a 
very simple fashion. The negative going sync pulse on the composite video 


signal £rom tho TV camera is set to a voltage more negative than the most 
negative output of the D/A converter of Fig. 2. 1 . When the sync pulse 
occurs the estimate is driven to the zero quantization level and held there 
by the saturation logic. Since tlie sync pulse is more negative than the 
zero quantization level the comparator of Fig. 2. 1 outputs during the 
sync time. The string of -E j/a are fevi buck to the step size generator and 
causes the step size to grow to Its maximum value. 

The complete circuit diagrams for tho delta modulator encoder and 
decoder are shown in Figs. 2.3, 2.4, 2.5 and 2.6. Figure 2.3 shows the 
input signal from the TV camera being bjind limited to 4 MHz, DC restored, 
buffered, and then clamped to 1 volt peak-to-potUc. Tho output of Fig. 2. 3 is 
fed into the input of Pig. 2.4. Figure 2.4 is the complete circuit sohcnuitic 
of the delta modulator encoder with error correction. Figure 2. 5 is the 
circuit schenuitic of the ?’^lta modulator decoder. Figure 2.6 is tho detiiiled 
scheiimtic of the analog output of tho decoder. It shows the circuiti'y which 
s’ostores the sync pulses to tho comix)8lto video signal. Tlie delhi modulator 
was built out of FCL 10, 000 series logic and it has a maximum clock rate of 
23 MHz. 

A series of tests were made witli the delta modulator. The first test was 
to see the effects of the delta modulation of tide 4 MHz comixjslte video signal at 
clock rates of 6, 8, 16 and 23 MHz. Tlie resulting pictures wore of good quality 

at 16 MHz and almost of broadcast quality of 23 MHz. For the second test wo 

-4 “3 -2 

introduced ei’rors at 10 , 10 and 10 errors per bit. The pictures of 

-4 

Fig. 2.7 show the effects of errors. At 10 errors per bit the errors are 

-3 

almost unnoticeable. At 10 the errors are noticeable but not annoying. At 

“2 

10 errors per bit the -picture hifcrmation is still intelligible but tho errors 
are very annoying. 



3.0 Conclusions 

The delta modulator described here fulfills the objective of this study. 

The delta modulator can digitize a video signal while providing nearly erx'or 

-4 

free pictures with bit error rates as high as 10 errors per bit. The delta 
modulator Is also cost effective. It consists of only 21 IC's and consumes only 
12 watts of power. Its only shortcoming lies In the fact that It&i bandwidth 
compression Is only 2:1 for undistorted encoding of TV pictures. 

The delta modulator was consti'ucted and delivered to NASA/JSC in 1970. 

4.0 Papers Published 

1. "Dlgitsil Encoding of NTSC Color Video Signals Using Adaptive IXilta 
Modulators", S. Davidovlcl, D* L. Schilling, K. l4ind, ICC Convention 
Hecord, 6/8C, pp. 31.1.1-31,1.5. 
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Fig- 2 > 7 nosponso of ADM to ctuuiaci errors, 
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ABSTHACT 

This pupor prosonts the Initial rosults of our 
study Qit the use of ndaptlvo doIUt modulat'.on to encode 
color signals. 7'he technique considered Include direct 
encoding of the color video slgmil, encoding of each of 
the throe color components, i.c. , N, G and B and, 
encoding of the chromliicnne and lURdnanoe signals I, 

Y and Q. It Is shown tltat at nny transmitted bit rate 
between flMb/s and 24 Mb/s the best quality picture 
I'oproduoticn occurs when the I, Y and Q signals are 
encoded ant) the poorest quallliy picture reproduction 
occurs when the composite video signal Is encoded. 
Idirthermor'i, the dlfloroneea in quality are significant. 


A color oamera actually records the throe prin- 
cipal colors! rod (R), green (G) and blue (D). Those 
three colors are then converted into throe other signals 
called I, Y and Q. The algnal Y Is oallod the luminunoo 
and Is the signal detected la a D/W monitor. In terms 
of the R, G and D signals, 

Y“ 0.3 R +0.59 G +0.11 B (1) 

The throe colors R, G and B are also used to form I 
and Qi 

I- 0.6 R - 0.28 G - 0.32 B (2) 

and 

Q - 0.21 R - 0„62 G +0.31 B (3) 


mrnoDucTiQN 

Every since digital systou's wore Introductod 
tlicy liava mot with ever growing acoeptnnoe. 1’helr 
ability to Mwko decisions based on present and past 
data gives them a high degree of Intelligence which, 
when combined with the high speed operation of digital 
liitegrated circuits provides a oloor advantage ovoi‘ 
amilog eirouits In many areas. 

With the advent of ECL ami very high speed D/A 
convertors u has become feasible to apply digital toohnl- 
quos to video transmission. In this report we discuss 
digitally encoding a rotor video signal using adaptive 
delta modulation (ADM). Three of tl»o tnauy reasons 
for employlag digital encoding are (1) the encoded sig- 
nal may bo readily and securely onorypted, (2) tae 
digital signal can bo trarisnilttcd over longer distances 
and with a higher SNR thiui an analog signal and (3) when 
eniploylng ADM the system Is relatively Immune to 
channel orrora and can operate at bit error rates of 10"^ 
with only snuill degradation of the picture quality. 

NTSC 

The standard employed to onoodo a video picture Is 
the NTSC. In this system anyone having a B/w monitor 
will receive the picture and display the cong)leto picture 
as though a B/W picture was transmitted. On the other 
hand anyone having a color monitor will display the total 
color picture, by using the chroma information In the de- 
coding process. 


The 1 and Q signals are also transmitted and It Is the 
detection of the presence of thene I and Q signals In the 
color monitor. In addition to the Y signal, that enables 
the doooding of the R, G, ;Dd B and the displaying of a 
color picture. 

The I and Q signals are quadrature amplitude 
modulated onto a carrier frequency of 3.57 MHz. Thus, 
the complete color signal Is 

V (i) •• Y (t) + I (t) cos (u^t + 33°) + Q (t) Bln (u)^t +33°) 

( 4 ) 

in the color monitor the signal Is sepal'atcd Into the 
luminance and ohromtoanoe signals and the R, G and B 
colors are then extracted uaing a network which, in 
essence solves the matrix 


R 


0.96 

1 

0.62 


I 

G 

Bt 

- 0.27 

1 

-0.65 


Y 

B 


- 1.11 

1 

1.7 


Q 


7'he throe color signals R, G and D are bandllmtted 
to about 4. 0 MHz bUt the luminance signal has most of 
Us (x>wor In the 0 to 3. 3MHz band. The Inphaso signal 
I is brndllmltod to about 1.5 MHz, and the quadrature 
signal Q Is bandllmlted to 0.5 MHz. 

This bandUmlttlog of the chroma Information has 
the effect of severely distorting the color content of the 
small picture elements. 


The work was supported In part by NASA Johnson Space Center under grant number NSG-5013. 
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However, the psychovisual properttee of the eye are 
BUch that the color content of Btnall-.objecta Is Irrelevant 
and therefore the effect of the distortion Is amalL 


Digital Encoding Using PCM 

Wlien digitally encoding a color video signal using 
PCM we sample at about 9 M samples/s and encode using 
8 blts/sninple. The result Is a transmitted bit rate of 
72 Mb/s which requires a transmission bandwidth of 72 
MHz. If the encoder employed 6 blts/sample, the quan- 
tization noise Hornes noticeable, however, the required 
bandwidth la reduced to 54 MHz. In either case the band- 
width Is Increased considerably over the analog band- 
width needed for the unencoded video signal. 


Another difficulty encountered when using PCM lu 
Its response tc channel errors. For example consider 
an error rate of 1 error In 100,000 bits (P^ ■ 10”®). 
This Is a low error rate! There are approximately 
250, 000 picture elements (pels) per frame of signal. 

If each pel requires 8 bits, then there are 2 M bits re- 
oelvod/frame. If 1 In 100,000 bits are received In- 
correctly, then 20 pels will, on the average, be In 
error, Furthermore, the size of the error Is equally- 
llkoly to have any possible value. At an error rate of 
10"'*, 200 pels would bo In error. Since each error 
could be quite large the errors are noticeable and the 
ploture'ls unple|isant to .view when the error rate 
approaches 10”’. 


1. Digital Encoding Using ADM 

When we encode a color video signal using adap- 
tive delta modulation (ADM) the bandwidth required 
Is one-half that employed for PCM to obtain a com- 
parable quality picture. In addition, most of the time, 
when an error occurs it will ba small, l.e. , the prob- 
ability of the amplitude of the error appears somewhat 
gausslan as contrasted to the uniform density of the error 
amplitude found In PCM. Thus, the ADM can operate 
at error rates exceeding 1 error/1000 bits while PCM 
Is limited to about 1 error/100,000 bits. 

It was the combination of iow bit rate and relative 
immunity to channel errors which caused us to Investi- 
gate ADM techniques of encoding color video signals. 

2. The SONG ADM Algorithm 

The algorithm used for ADM encoding a color sig- 
nal Is the same as for a B/w signal and Is repeated 
below for completeness : 

where Sj^+i Is the Input signal sampled at time t»(1?;+l) 
Tg, Is the estimate and Is sign of the bit 
transmitted to the receiver at time (k+1) Tg, The 
estimate Is given by the equation 

'’I 




Y ■ 

*k+l 
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<Y 


t' 


min 

‘l»kl<2Y 


max' -kr "k-1 
> 2 Y 


( 8 ) 


min 




k ®k-I 


In Eq. 8 Y . and represent the minimum and 
maximum ^p size values, respectively, and were 
ohoosen to be (see r<of, 1 P 40) i 


and 


Y - 2"® • S 

min max 

Y - 2’^ • 8 

max max 


(9a) 

(9b) 


where S Is the maximum peok-to-peok signal 
amplitudes 


3. ADM Encoding of the Composite Signal 

Our previous report Indicated that B/w video 
pictures con be encoded using bit rates from 8-16 Mb/s. 
At 6 Mb/s the picture quality was rather poor show- 
ing significant edge busyness. At 16 Mb/s the edge 
busyness was reduced to the size of about 1 pel and so 
the picture quality was quite good. A graph of subjec- 
tive evaluation of the picture quality vs, sampling rate 
Is shown In Fig. 2. It Is seen that a rapid improvement 
In picture quality Is obtained when going from (I to 16 
Mbps. Above 22 Mbps the picture quality Improves 
very slowly. 


The reason is that the quantization noise in each 
sample Is proportional to the clock ratf (l.e. It approx- 
imately halves when doubling the clock rate). When 
the quantization noise Is large (at say 8 Mbps) we 
obtain a very noticeable Improvement by halving It 
(using a clock rate of 16 Mbps). However, beyond 16 
Mbps, the noise la small and we no longer get drastic 
Improvement by Increasing the clock rate. 

When we attempted to encode the composite color 
signal, the Increased bandwidth, required an Increased 
bit rate. Even at a sampling rate of 24 Mb/s the quality 
of the color signal was not good and the .red colors ap- 
peared "washed-out" as shown In Fig. S' A Higher bit 
rates than 24 Mb/s were not employed since our ECL 
qqnstructed system could not process the data at a 
higher bid rate than this. 

(1) "Effect of Interference on Delta Modulation Encoded 
Video Signals" Seml-Annaal Beport, Cot. I 1978 - 
April 1, 1978, NASA/GODDARD 


where Is the "step-size" ntt ■ (k+J) T^s 


(2) "Voice Encoding for the Space Shuttle Using ADM" 
IEEE 11/78. 
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4 . Encoding thft.D .Q and B SteiyiU 

The first technique attempted, to provide faithful 
color reproduction was to encode each of the colors II, 

G und B separately. This requires the use of 3 delta 
modulator encoders and 3 decoitcrs as well as a multi- 
plexing and demultiplexing circuit. Since each color 
uliliitca the full 3. 3 MHz bandwidth one would expect 
that each ADM should be operated at 16 Mb/s to obtain 
good quality color . The transmitted bit rate in this 
case would be 48 Mb/s. 

Indeed, at 48 Mb/s the color quality is very 
good, however, for nuiny applications, such ae tele- 
conferencing, each ADM can be operated at 0 Mb/s. 
Wtion this sampUng rate Is used the color quality is 
fat better than tlmt obtained when encoding the com- 
posite plotute. However, the edge business is greater. 
Fortunately, the edge busyness is not as significant 
as found when encoding B/W at 8 Mb/s. The reason 
for this is that the edge busyness for each nolor Is 
different and the combined picture has a smeared 
edge similar to what is obtained using dithering. 

Figure 4 shows the complete color picture which 
requires a 24 Mb/s rate. Figure S shows the com- 
plete picture at 48 Mb/s. Note the significant im- 
provement in picture quality. 

5. Encoding the I. Y and Q Signals 

To encode the I, Y and Q signals, the tivree 
camera outputs It, G and B are passed tlirough a 
welghiing matrix having the characteristics of Eqs. 

1, 2 and 3. The Y signal representing the lumlmmoo 
(or n/w signal) is encoded at 16 Mb/s, howewer the 
I und Q signals have a significantly smaller bandwidth 
aivd wei'e encoded at 4 Mb/s each. The resulting trans- 
mitted bit rate Is then 16 + 4 + 4 = 24 Mb/s, Jlocovory 
In tho receiver la accomplished by demultiplexing , 

ADM decoding the I, Y and Q signals, and then passing 
these slgnnla through the decoder matrix given by Eq. 5. 

The quality of the color reproduction was excell- 
ent as long as the I and Q channels oimrated at 4 Mb/s. 
When the bit rate was reduced tho color picture quality 
degraded rapidly. As the bit rate used to encode Y 
decreased the quality decreased slowly and the edge 
busyness Increased. The decrease In picture quality 
follows the curve of b/w picture quality vs. sampling 
rate as shown In Fig. 2. 

Flgui'e 6 shows tlie color picture when encoded 
at 24 Mb/s using 1, Y and Q encoding. Note that the 
quality la superior to that shown in Pig. 3 which 
enmloyed B, G and B encoding. 

6. Line Sequential Encoding 

A "line sequential" encoding system Is shown 
in Fig. 7. We see that there are 3 encoders, one for 
each color R, G and B. To tlluBtrate the system 
operation assume we are to encode tho odd field of 
lines 1, 3, 5, 7, etc. Then encoder "R" encodes 


line 1, encoder "G" encodes line 3 and encoder "B" 
encodes line 5, This procedure continues with encoder 
"R" encoding linos 6 n-tl, encoder "G" encoding 6 ih 3 
and encoder "B" encoding lines 6 iH6. 

In the reoolver, when line 6 n-tk (Ic » 1, 3 or 6 ) 
is to be viewed, wo present to the monitor the outputs 
of the three ADM decoders for lines 6 n -f k -4, 6 n-k 
”2 and 6 n 4 k* 

As a result of encoding n single color for cneh 
line, we are capable of reproducing a fairly good 
quality color signal using only 16 Mb/s. The draw- 
back to this system is tlmt we encode every ottier 
lino not adjacent linos. Thus, some "flickering" 
results when two areas of contrasting colors are 
adjacent vertically. A second effect of tills veriical 
".•ivoraging" is that wo tend to ease small curvatures 
such as lips, eyes, etc. Also, small cures such as 
flowers, elbows, etc. develop a staircase patiera 
which tends to be v Dry annoying. 

However, for low bit rate encoding this system 
appears to provide the best quality of the above tech- 
nlquoa, .Figures 8 shows the result of encoding a 
color picture, using llnesequentlul encoding, sit 8 Mb/s 
and at 16 Mb/s. 

Conclusions 

It Is difficult to compare the RGB, lYQ and lino 
Sequential systems since their drawbacks and advaatagos 
arc quite different. For hlgli available bandv.'ldth.whmo 
good color and lilgh quality detuli reproduction is de- 
sired, one should use the RGB system. 

When good color quality Is desired together 
with the ability tC' have a trade-off between quality ami 
available bandwidth when tho quality varies from poor 
to almost broadcast quality and the transmission rate 
from 16 to 30 Mbps, wo believe that the lYQ system 
la best. 

It can achieve a quality comparable to that of 
tho RGB system but at lower bit rates. Tlio degradation 
obtained from this system is nppiuent in the color re- 
production of the small picture elements. 

For very low available bandwidth the only 
choloo is the line sequential system. Here tho iiuiln 
difficulty Ilea with the vertical smearing wlitch could 
cause small vertical detail to be altogether lost, 'rids 
distortion Is Indicative of the low clock rate. 

We conclude that the above research has 
achieved Its aims ,' 

All of the above methods achieve "good" picture 
quality. As the bandwidth becomes more limited, 
the degradation becomes more severe. However, the 
degradation Is far less severe than when using PCM. 
This degradation does not happen to the color quality 
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()Ul totho luinlnanoo liiformation. purthcrnwro, tlio 
three rootbods ore not overlapping, but ahould bo used 
deiMuidlng on the available bandwidth and aooui'acy 
required. 

The syatoins have not yet ^ n tested In tlio 
preaeneo e( channel errors. However, based upon 
our previous oXDorlonce we expect <liO systems to bo 
robust to such noise. 
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Fig. 3 NTSC Video Signal EnoodO(f at J,6 Mb/s 



Fig. 4 RGB Encoding at 24 Mb/s (8 Mbs per chaonel) 
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Fig. 6 lYQ Encoding at 24 Mb/a (16 Mb/a for Y, 
4 Mb/a for Q and I) 


Fig. 8B line Soqucnlinl System at 16 Mb/s 



field Suquontiei Video 


Fig. 7 Line Sequential System 
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